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Abstract 43 
Meier-Gorlin syndrome (MGS) is a rare, congenital primordial microcephalic dwarfism 44 
disorder. MGS is caused by genetic variants of components of the origin recognition 45 
complex (ORC) consisting of ORC1-6 and the pre-replication complex, which together 46 
enable origin firing and hence genome replication. In addition, ORC1 has previously 47 
been shown to play a role in ciliogenesis. Here, we extend this work and investigate the 48 
function of ORC1 and two other members of the complex on cilia at an organismal 49 
level. Knockdown experiments in zebrafish confirmed the impact of ORC1 on cilia. 50 
ORC1-deficiency confers defects anticipated to arise from impaired cilia function such 51 
as formation of oedema, kidney cysts, curved bodies and left-right asymmetry defects. 52 
We found ORC1 furthermore required for cilium formation in zebrafish and 53 
demonstrate that ciliopathy phenotypes in ORC1-depleted zebrafish could not be 54 
rescued by reconstitution with ORC1 bearing a genetic variant previously identified in 55 
MGS patients. Loss-of-function of Orc4 and Orc6, respectively, conferred similar 56 
ciliopathy phenotypes and cilium shortening in zebrafish, suggesting that several, if not 57 
all, components of the ORC regulate ciliogenesis downstream to or in addition to their 58 
canonical function in replication initiation. This study presents the first in vivo evidence 59 
of an influence of the MGS genes of the ORC family on cilia, and consolidates the 60 
possibility that cilia dysfunction could contribute to the clinical manifestation of ORC-61 
deficient MGS. 62 
 63 
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Introduction 69 
Meier-Gorlin syndrome (MGS) is a rare disorder within the primordial microcephalic 70 
dwarfism umbrella. In addition to displaying proportional short stature and 71 
microcephaly, patients are characterised by small ears and patellar aplasia 1,2. Growth 72 
retardation largely occurs during pregnancy and within the first year of life 3. Attempts 73 
to rescue growth postnatally by growth hormone therapy, however, have shown only 74 
limited success 4. Most MGS patients develop normal or only slightly impaired 75 
cognitive functions despite their reduced head circumference 3. Several genes have been 76 
identified as disease loci for MGS: ORC1 5, ORC4 6, ORC6 7, CDC6 8, CDT1 6, MCM5 77 
5,9, GMNN 10 and CDC45 11. These genes encode proteins which function during origin 78 
licensing or firing and hence predominantly affect replication initiation.  79 
ORC1 is one of 6 ORC proteins that assemble into the origin of replication 80 
complex (ORC). ORC hexamers bind to origins of replication and license them for 81 
replication initiation through assembly of the pre-replication complex (consisting of 82 
CDT1, CDC6 and MCMs 2 to 7) 12. Diminished ORC1 function in patients results in 83 
reduced origin licensing and/or diminished MCM2-7 loading onto DNA 5,13 suggesting 84 
that the clinical manifestation are a consequence of impaired replication causing 85 
reduced cell proliferation and hence growth retardation. 86 
 In a previous study, based entirely on the analysis of cultured cell lines, we 87 
proposed an additional role for ORC1 in cilia function. Interestingly, two small 88 
organelles, the centrosome and the cilium are critical for normal neuronal development 89 
and genetic variants affecting centrosomes and cilia are frequently observed in patients 90 
displaying microcephaly, one feature of ORC1-deficient MGS. Centrosomes facilitate 91 
mitotic spindle assembly and hence proper cell division of neural progenitors 14. 92 
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Centrosome anomalies result in diminished proliferation of neural progenitors, 93 
premature differentiation and apoptosis 15,16. In addition, the so-called mother centriole 94 
of the centrosome turns into the basal body of a cilium, once a cell exits the cell cycle. 95 
Thus, anomalies in centrosomes often lead to cilia defects 14,17. Cilia itself are also 96 
important regulators of neuronal progenitor cell expansion 18, underlying their causal 97 
link with microcephaly 19. Significantly, we and others reported that impaired ORC1 98 
function, either by knockdown (KD) or analysis of genetic variants observed in ORC1-99 
deficient patients caused centrosome aberrations as well as structural and functional 100 
defects in primary cilia 20,21. However, to date this functional role has only been 101 
examined in cultured cells. Here, we aimed to gain evidence for such a role using a 102 
model system, where cilia function could be examined. We chose zebrafish for this 103 
analysis, given the well characterised features conferred by cilia dysfunction. We show 104 
that depletion of Orc1 in zebrafish results in growth deficiencies and phenotypes 105 
resembling ciliopathies. Upon Orc1 KD, zebrafish develop shorter, dysfunctional cilia. 106 
Reconstitution of Orc1 loss-of-function zebrafish embryos with wild-type (wt) ORC1 107 
restores normal development of zebrafish, while a patient-derived amino acid change in 108 
ORC1 is unable to rescue either the ciliopathy phenotypes or the growth phenotype. To 109 
gain insight into whether this function is unique to Orc1 or requires further ORC 110 
components, we examined further Orc4 and 6, which represent additional genes causing 111 
MGS. Strikingly, depletion of Orc4 or Orc6 mimics the Orc1 phenotypes and confers 112 
similar cilia deficiencies. These findings strongly suggest that the intact ORC complex 113 
has an additional, potentially non-canonical function during ciliogenesis. 114 
 115 
Materials and Methods 116 
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Cloning– As a template for in vitro transcription of an antisense in situ probe, a 1001 bp 117 
fragment of zebrafish Orc1 (NM_199933.1) was cloned into pCRII by TOPO TA 118 
cloning (Thermo Fisher, Darmstadt, Germany). For cloning of human ORC cDNAs 119 
PCR primers were designed based on NM_004153.3 (ORC1), NM_181741.3 (ORC4) 120 
and NM_014321.3 (ORC6).  The whole open reading frame of human ORC1 except for 121 
the stop codon was cloned into pCS2-GFP via BamHI and XbaI. ORC4 and ORC6 open 122 
reading frames were cloned into pCS2+ via ClaI and StuI. The MGS variants pCS2-123 
GFP-ORC1 F89S, pCS2+-ORC4 Y174C and pCS2+-ORC6 K202R* were generated by 124 
site-directed mutagenesis of the plasmids mentioned above. The open reading frame 125 
containing plasmids were linearized with NotI and capped RNA was transcribed using 126 
the AmpliCap SP6 High Yield Message Maker Kit (Cellscript, Madison, WI, USA). All 127 
genetic variants have previously been identified in MGS patients and are deposited 128 
along with the associated clinical appearance at dbSNP: rs387906827 (ORC1 F89S)5, 129 
rs387906847 (ORC4 Y174C)6 and rs879255692 (ORC6 K202R*)7. 130 
 131 
Zebrafish husbandry and manipulation– Zebrafish were maintained in a tank rack 132 
system with automatic water recycling, water changes as well as monitoring and 133 
adjustment of water parameters (Tecniplast, Hohenpeißenberg, Germany). Fish were 134 
kept under a 14 hours light and 10 hours dark cycle and were fed three times a day with 135 
artemia (Aqua Schwarz, Göttingen, Germany) and pelleted dry food (Sparos Zebrafeed, 136 
Olhão, Portugal). Maintenance as well as manipulation of zebrafish were approved by 137 
the Veterinary Care Unit at Ulm University and the animal welfare commissioner of the 138 
regional board for scientific animal experiments in Tu ̈bingen, Germany. Experiments 139 
were performed according to the European Union Directive 86/609/EEC for the 140 
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protection of animals used for experimental and other scientific purposes. In this study 141 
adult zebrafish (AB and EK wild-type strains, wt1b:GFP transgenics 22) were naturally 142 
mated. Fertilized eggs were microinjected either at the one to two cell stage for 143 
ubiquitous manipulation of the embryo or at the 1000 cell stage for Kupffer’s vesicle 144 
(KV)-specific targeting. Embryos were raised to the desired stages in an incubator set to 145 
28.5 ºC. Orc1 depleted embryos were generated by injection of 5 nl of a 0.25 mM 146 
concentrated, previously characterized antisense morpholino oligonucleotide (MO) 5. 147 
Orc4 or Orc6 KD was achieved by injection of 5 nl of splice blocking MOs, which were 148 
diluted to 0.5 mM and have the following sequences: Orc4 exon 1 splMO: 5’- 149 
TAACATGAGGAAGGAGGACAGACCA; Orc6 exon 2 splMO: 5’- 150 
CTCTGCTTGACTGAAAACAAATGGA. Blasting against the zebrafish genome 151 
(Ensembl release 94) revealed that neither the Orc4 splMO nor the Orc6 splMO target 152 
any other sequence in the zebrafish genome. Non-injected (NI) embryos as well as those 153 
injected with a standard control MO, which does not target the zebrafish genome, were 154 
used as controls. All MOs were purchased from Gene Tools Inc (Philomath, OR, USA). 155 
Rescue injections were performed by consecutive injections of KD MO and capped 156 
RNA (500 pg per egg). 157 
 158 
Splice blocking verification– To verify the ability of Orc4 and Orc6 splMO, 159 
respectively in preventing regular splicing zebrafish were injected at the one cell stage 160 
and allowed to develop until 24 hours post fertilization (hpf). RNA was extracted using 161 
Zymo’s Quick-RNA MiniPrep kit (Freiburg, Germany). Equal amounts of RNA were 162 
transcribed using SuperScript II (Invitrogen, Germany) and PCR was performed with 163 
the following primers: Orc4 Fwd: 5’- GAAGATGAGCAAGCGAAGGC, Orc4 Rev: 164 
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5’- GACGTTCTCCAGATGCAGCT; Orc6 Fwd: 5’- 165 
ACGCCCATTTGTGAAGCAAC, Orc6 Rev: 5’- CTCGGAGACCCAGGTTTGAC. 166 
The resulting PCR bands were sequenced to verify amplification of the right sequence 167 
and splice blocking induced by splMO injection. As housekeeping gene β−actin was 168 
used as previously described 23. 169 
 170 
In situ hybridization– In situ hybridization (ISH) for the spatial detection of RNA 171 
expression was performed with fixed embryos and according to the standard protocol by 172 
Thisse et al. 24. To generate a DIG-labelled antisense in situ probe for the detection of 173 
orc1, the plasmid containing a fragment of the Orc1 coding sequence was linearized 174 
with HindIII and transcribed using T7 RNA polymerase (NEB, Frankfurt am Main, 175 
Germany) and DIG labelling mix (Roche, Mannheim, Germany). All other probes used 176 
have been described before 25. 177 
 178 
Imaging– Live zebrafish embryos (48 hpf) as well as those processed by whole mount 179 
ISH were imaged on a Leica M125 with an IC80HD or a MC190HD camera (Leica, 180 
Wetzlar, Germany). For the analysis of smaller heads, eyes and shorter bodies, injected 181 
embryos were compared to average non-injected controls. Fluorescence images of the 182 
developing kidney were acquired on a Leica M205FCA and a Leica DFC9000GT 183 
sCMOS camera. Images of KV cilia were acquired using a Leica TCS SP5II confocal 184 
microscope. Here, z-stacks were captured every 0.3 µm and processed into a 3D stack 185 
using the Leica acquisition software LAS AF. Image processing was done with the help 186 
of Adobe Photoshop CC2018 (Adobe Systems Software Ireland Limited, Dublin, 187 
Ireland). Any adjustments (brightness, contrast or colour balance) were applied equally 188 
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to the whole image and equally to same treatment groups (i.e. CTRL MO vs Orc1 MO). 189 
Final figures were assembled in Adobe Illustrator CC2018. 190 
 191 
Cilia staining and analysis– Injected zebrafish embryos were raised until 8 somite 192 
stage (ss) and fixed overnight at 4 ºC in 4% PFA. Fixed embryos were dechorionated, 193 
washed with PBS containing 0.1 % Tween-20 and processed for cilia staining as 194 
described 26 using an anti-acetylated tubulin antibody (Sigma, Munich, Germany, clone 195 
6-11B-1, 1:1000). For KV detection an antibody against PKCζ (Santa Cruz 196 
Biotechnology, Heidelberg, Germany, catalog no. sc-216, 1:500) was used, which labels 197 
apical cell borders and allows for detection of the KV outline. Confocal stacks were 198 
imported into ImageJ and cilia length was measured by tracing the entire cilium with 199 
the help of a Wacom tablet. KV area measurements were facilitated by tracing the 200 
outline of the KV in Adobe Illustrator, filling the shape and measuring the area of the 201 
shape again in ImageJ.  202 
 203 
Statistical analysis– Statistical analyses were performed with the help of Prism 7 204 
(GraphPad, La Jolla, CA, USA). The respective test is indicated in the figure legends. If 205 
not otherwise noted statistical significance is indicated as follows: * p<0.05, ** p<0.01, 206 
*** p<0.001, **** p<0.0001, ns, not significant. 207 
 208 
Results 209 
Orc1 depletion in zebrafish leads to growth defects and a ciliopathy-like 210 
phenotype. 211 
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ORC1 was the first causal gene identified for MGS 5. In order to investigate the impact 212 
of ORC1 dysfunction in vivo we made use of a previously established and validated 213 
MO-mediated KD approach 5. Zebrafish have a single homologue of ORC1 and 214 
ubiquitous depletion of Orc1 by injection into fertilized eggs at the 1-2 cell stage results 215 
in shorter zebrafish embryos (Fig. 1A and B) 5. In addition, anterior structures such as 216 
the head (referred to as “pinhead”) and the eyes are smaller than in control embryos 217 
upon Orc1 KD (Fig. 1C and D) consistent with the microcephaly of MGS patients. 218 
Orc1-deficient embryos also developed a distinct body curvature (Fig. 1A), which is 219 
characteristic for embryos with cilia deficiencies 27. Furthermore, oedema such as 220 
hydrocephalus or pericardial oedema have repeatedly been reported to occur in 221 
zebrafish embryos with dysfunctional cilia 25,28, which we also observed upon Orc1 KD 222 
(Fig. 1E). Last, but not least, we analysed the developing kidneys. A substantial fraction 223 
of Orc1 MO injected embryos displayed cystic kidneys (Fig. 1F and G), which is yet 224 
another malformation that has been strongly linked to defective cilia 29. These data 225 
suggest that loss of Orc1 may potentially result in cilia dysfunction.  226 
Zebrafish cilia dysfunction can further be monitored by examining left-right 227 
(LR) asymmetry patterning. Early during development a ciliated vesicle (Kupffer’s 228 
vesicle, KV, in zebrafish, node in mouse) temporally persists, which is crucial for the 229 
proper establishment of a left versus a right side of the body. When cilia within this 230 
vesicle form and function properly, genes of the nodal cascade are exclusively 231 
expressed on the left side from midline. We hence analysed expression of the nodal-232 
related gene southpaw (spaw) in 20-22 ss embryos. Regular expression of spaw arises in 233 
the left lateral plate mesoderm (LPM), while embryos with disturbed LR asymmetry 234 
development exhibit expression right from the midline or in an ambiguous fashion (Fig. 235 
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1H). Upon Orc1 KD a significant fraction of embryos failed to express spaw 236 
exclusively in the left LPM (Fig. 1I). Since aberrant leftward gene expression causes 237 
irregular placement and orientation of visceral organs, we analysed looping of the two-238 
chambered zebrafish heart at 48 hpf. Embryos with LR defects frequently harbour 239 
inversely looped hearts or hearts that completely fail to loop, which was observed when 240 
Orc1 was depleted (Fig. 1J and K). Similarly, placement of abdominal organs as 241 
assessed by the position of the endocrine pancreas was abnormal (Fig. 1L and M). We 242 
thus conclude that loss of Orc1 confers cilia dysfunction in vivo. 243 
 244 
Orc1 controls ciliogenesis in zebrafish 245 
Next, we investigated the influence of Orc1 on symmetry breaking and cilia function in 246 
greater detail. Symmetry breaking occurs at a time during zebrafish development, when 247 
cells almost cease to proliferate and instead differentiate and undergo convergence-248 
extension movements 30. Despite there being only a few cycling cells during this stage, 249 
we detected orc1 transcripts throughout the embryo including the tailbud, where the KV 250 
forms (Fig. 2A). Closer analysis of the KV revealed that cilia do form in the absence of 251 
Orc1 (Fig. 2B). The overall size of the KV, however, was smaller than in control 252 
embryos, although Orc1 KD embryos were stage-matched (8ss like control embryos) 253 
(Fig. 2C). As the number of cilia per KV did not change (Fig. 2D), the reduction in KV 254 
size may be attributed to an overall growth reduction in Orc1 morphants. Intriguingly, 255 
cilia were substantially shorter in Orc1 KD embryos than in control-injected embryos 256 
(Fig. 2E). To test whether Orc1 functions within the cilia-forming cells, we applied an 257 
injection strategy originally developed by Amack et al 2, whereby  injection of MO at 258 
the 512-1000 cells stage selectively delivers the MO to the dorsal forerunner cells, the 259 
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progenitor cells for the KV (Fig. 2F). Such KV-specific KD of Orc1 disrupted LR-260 
patterning as efficiently as the ubiquitous KD (compare Fig. 2G-I and Fig. 1). These 261 
data suggest that Orc1 controls ciliogenesis in vivo and functions within the ciliated 262 
cells. 263 
 264 
Orc1 F89S, a causal genetic variant for MGS, lacks the ability to rescue the Orc1 265 
loss-of-function phenotype in zebrafish embryos 266 
Finally, to link ORC1-dependent MGS to cilia dysfunction we performed rescue 267 
experiments in zebrafish embryos. Fertilized eggs were consecutively injected at the 1-2 268 
cell stage with Orc1 MO and capped RNA encoding either wild-type (wt) human ORC1 269 
or ORC1 F89S (c.266T>C, rs387906827), a mutated form of ORC1 found in an MGS 270 
patient 5. While wt ORC1 partially rescued the heart looping defects (Fig. 3A) and the 271 
randomization of pancreas placement (Fig. 3B), no improvement could be observed by 272 
expression of ORC1 F89S. Similarly, co-injection of wt ORC1 improved the 273 
appearance of zebrafish at 48 hpf, while ORC1 F89S failed to do so (Fig. 3C). For all 274 
morphological features we assessed, namely axis shortening (Fig. 3D), head size (Fig. 275 
3E), eye size (Fig. 3F) and pericardial oedema (Fig. 3G) we observed a significant 276 
rescue upon reconstitution with wt, but not ORC1 F89S. Last, but not least: while 277 
expression of wt ORC1 partially rescued kidney cyst formation compared to Orc1 KD 278 
alone, there was no improvement upon expression of the patient-derived F89S variant 279 
(Fig. 3H and I). We hence conclude that the MGS variant ORC1 F89S is an impacting 280 
genetic variant of ORC1 causing a phenotype similar to that conferred by cilia 281 
dysfunction. 282 
 283 
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Depletion of other ORC components confers phenotypes reminiscent of cilium 284 
dysfunction 285 
ORC1 is one of six ORC proteins forming the origin licensing complex needed for 286 
origin licensing. Genetic variants of ORC4 and ORC6, two additional ORCs, have also 287 
been observed in MGS patients6,7, suggesting that ORC dysfunction is causal for MGS. 288 
This raised the question whether any cilium dysfunction phenotype provoked by ORC1 289 
loss-of-function could potentially arise from an overall dysfunction of the whole ORC. 290 
We hence examined whether depletion of these additional ORC proteins would 291 
phenocopy Orc1 KD. We designed splice blocking MOs (splMO) against Orc4 and 292 
Orc6, respectively. Injection of either Orc4 or Orc6 splMO interfered with regular 293 
splicing (Supplementary Fig. 1). This resulted in a frame shift causing a premature stop 294 
codon in both, orc4 and orc6 (Supplementary Fig. 1).  295 
Loss of either Orc4 or Orc6 resulted in shortened embryos having smaller anterior 296 
structures, pericardiac oedema, and kidney cysts as observed for Orc1 morphants (Fig. 4 297 
A-C). Importantly, rescue attempts using RNA encoding previously identified variants 298 
of ORC4 and ORC6 found in MGS patients 6,7 were unable to rescue the kidney cysts 299 
whilst a partial, statistically significant rescue was obtained with wt RNAs (Fig. 4C). 300 
Embryos deficient in Orc4 or Orc6 also developed LR asymmetry defects such as 301 
randomized heart looping and pancreas placement (Fig. 4D and E). Taken together with 302 
the kidney cyst phenotype, these findings are consistent with an underlying cilia 303 
development defect, which was substantiated by the analysis of cilia length in the KV, 304 
which showed that injection of either splice blocking MO resulted in drastically 305 
shortened cilia (Fig. 4F and G), with no change in cilia numbers (Fig. 4H). The KV 306 
area, however and in contrast to Orc1 morphants (Fig. 2C), was not significantly 307 
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changed although a minor reduction was evident (Fig. 4I). Taken together, our findings 308 
show that three ORC components, variants of which are found in MGS patients, are 309 
required for proper ciliogenesis. This suggests that the whole ORC impacts on cilia 310 
development, providing a novel function for ORC.  311 
 312 
Discussion  313 
Previously, using human cells we found that deficiency of ORC1 as well as ORC4 and 314 
ORC6 causes cilia signalling defects, including impaired Hedgehog signalling. Cilia 315 
forming in ORC1-deficient human cells were slightly shorter than cilia forming in 316 
normal cells. Here we focus on examining cilia function in vivo in an organism depleted 317 
of different ORC components. Similar to the situation in cultured human cells, we find 318 
that cilia forming in the KV in zebrafish are subtly shorter than those in control 319 
zebrafish. Additionally, Orc1 as well as Orc4 and Orc6 deficiency in zebrafish causes a 320 
phenotype, which includes growth retardation, LR symmetry abnormalities and the 321 
formation of cystic kidneys, typical of cilia dysfunction. This consolidates and extends 322 
our previous findings that cilia dysfunction is a consequence of the deficiency in ORC 323 
raising the possibility that it could contribute to the clinical manifestation of ORC-324 
dependent MGS.  325 
 A comparison of MGS and certain ciliopathy syndromes reveals overlapping 326 
phenotypic abnormalities. For example, Joubert syndrome patients with genetic variants 327 
in KIF7, a protein accumulating at the tip of cilia 31 and required for centrosomal and 328 
ciliary integrity 32, display overall growth retardation 32,33. Similarly, children with 329 
primary cilia dyskinesia (PCD) are smaller than healthy children and grow more slowly 330 
34. Furthermore, microcephaly occurs frequently in nephronophthisis, a ciliopathy with 331 
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early onset renal failure due to cyst formation and fibrosis 35. It was also reported that 332 
genetic alterations of the intraflagellar transport gene IFT172 results in growth 333 
retardation 36. IFT172 is a ciliary protein 37 implicated in the development of the 334 
ciliopathy Bardet-Biedl syndrome 38. Mice deficient in sperm flagellar protein 2 335 
(SPEF2), which is associated with male infertility and PCD, are smaller, have shorter 336 
long bones and reduced osteoblast differentiation 39. Importantly, in vitro we found 337 
reduced osteoblast differentiation upon ORC loss-of-function 21. Vice versa, other forms 338 
of primordial dwarfism such as those linked to POC1A are associated with shorter cilia 339 
40. ATR, which is often mutated in Seckel syndrome, another microcephalic disorder 41, 340 
also regulates cilia formation as well as ciliary signalling 42. Interestingly, ATR is also 341 
required during DNA replication, particularly for progression of stalled forks 43 and 342 
appears to have additional functions on ciliogenesis. Such non-canonical function in 343 
non-replicating cells has been also observed for components of the MCM complex, 344 
which functions as the unwinding helicase during DNA replication, but appears to 345 
govern faithful ciliogenesis in quiescent cells 44. 346 
Collectively these data and reports argue that cilia dysfunction can also confer a 347 
clinical manifestation which overlaps that observed in MGS. Thus, a role for ORC in 348 
regulating cilia development may contribute to the clinical manifestation of ORC-349 
deficient MGS in addition to the canonical role for ORC in replication. This novel 350 
function of the ORC could arise from an impact on the centrosome. The centrosome is 351 
indispensable for cilium formation as it comprises the basal body, from which the 352 
ciliary axoneme extends 29. ORC1 for instance localizes to the centrosome 45 and 353 
prevents reduplication events, which lead to supernumerary centrioles 20,21,46. 354 
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Consistently, many cilia defects have been associated with aberrant centriole number 355 
17,47-49.  356 
Taken together, we provide supporting evidence that deficiency in three ORC 357 
components (ORC1, 4 and 6) confers defects in ciliogenesis with an impact on 358 
development in the model organism zebrafish. Thus, it is likely that the whole ORC 359 
complex is required for ciliogenesis rather than simply ORC1. This raises the possibility 360 
that this non-canonical function of ORC could contribute to the clinical manifestation 361 
observed in MGS. 362 
. 363 
Supplementary information is available at European Journal of Human Genetics’ 364 
website 365 
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Titles and legends to figures 556 
 557 
Fig. 1 Loss of ORC1 produces ciliopathy phenotypes in zebrafish embryos 558 
A, Live images of 48 hpf zebrafish embryos. NI, uninjected controls, CTRL MO, 559 
embryos injected with a control MO, Orc1 MO, translation blocking MO against Orc1. 560 
Arrow indicates pericardial oedema. Scale bar: 500 µm. 561 
B, Orc1 morphants are characterized by an overall short body as it had been shown in 562 
the original paper describing the Orc1 MO 5.  563 
C, Head size is reduced upon Orc1 depletion.  564 
D, Eyes are smaller in the absence of Orc1.  565 
E, Orc1 morphant embryos develop pronounced pericardial oedema.  566 
F, Fluorescent images of the pronephros of control (NI, CTRL MO) and Orc1 KD 567 
embryos. To visualise the pronephros a transgenic line expressing GFP under the wt1b 568 
promoter was used (Tg(wt1b:GFP)). Scale bar: 100 µm. 569 
G, Incidence of cystic pronephric tubules. Two-sided Fisher’s exact test. Number of 570 
embryos analysed: NI=120; CTRL MO=119; Orc1 MO=128. 571 
 21
H, Examples of southpaw expression in 20-22 ss embryos showing transcripts in the left 572 
or right LPM, the middle picture shows ambiguous expression. Scale bar: 300 µm. 573 
I, Depletion of Orc1 randomizes spaw expression. n=5-9 experiments. Number of 574 
embryos: NI=231; CTRL MO=253; Orc1 MO=114. 575 
J, The heart of 48 hpf zebrafish embryos is normally looped in a S-shape with the 576 
ventricle left and above from the atrium (D-loop). When LR asymmetry is disturbed, 577 
hearts stay unlooped or show an inverse loop (L-loop). ISH for cmlc2. Scale bar: 200 578 
µm. 579 
K, Heart looping is disturbed in Orc1 morphants. n=4-6 experiments. Number of 580 
embryos: NI=82; CTRL MO=67; Orc1 MO=145. 581 
L, ISH for the endocrine pancreas marker insulin (ins) reveals a normal right-sided 582 
localization of the pancreas (right), which is reversed in asymmetry defects (left). 583 
Dashed line: midline of the embryo. Dorsal view. Scale bar: 200 µm. 584 
M, Wrong-sided pancreas in Orc1 morphants. n=4-6 experiments. Number of embryos: 585 
NI=82; CTRL MO=67; Orc1 MO=145. 586 
 587 
B-E, Graphs show means ± SEM with circles indicating individual experiments. One-588 
way ANOVA with Sidak’s multiple comparisons test. n=4-6 independent experiments. 589 
Number of embryos analysed: NI=72; CTRL MO=86; Orc1 MO=151. 590 
I, K and M, data analysed using two-tailed Fisher’s exact test. 591 
 592 
Fig. 2 ORC1 controls cilia formation and functions within ciliated cells 593 
 22
A, Flat mounts of 4 and 8 ss embryos after orc1 ISH.  Arrow indicates expression 594 
throughout the embryo, but also in the tailbud, where the KV forms. Scale bars: 150 595 
µm. 596 
B, Confocal stacks of KV cilia of 8 ss embryos injected with standard control MO or 597 
Orc1 MO. Apical cell borders to outline the KV were labelled with a PKCζ antibody 598 
(red), while cilia were stained for acetylated tubulin (green). Scale bar: 10 µm. 599 
C, Smaller KVs upon Orc1 KD. p=0.097. n=22-30 embryos.  600 
D, Cilia are formed at similar numbers in control-injected and Orc1 KD embryos. 601 
p=0.2071. In three experiments 25 (CTRL MO) and 23 (Orc1 MO) KVs were assessed. 602 
E, Shorter KV cilia after Orc1 KD. n= 901 (CTRL MO) and 669 (Orc1 MO) cilia. 603 
F, Injection strategy according to Amack et al 2 to specifically deplete Orc1 in KV cells. 604 
G, KV-specific depletion randomizes spaw expression in the LPM. L, left-sided 605 
expression, R, right-sided expression, B, ambiguous expression, A, no expression in the 606 
LPM. n=4 experiments, 81-122 embryos in total. 607 
H, Heart looping fails or occurs inversely upon Orc1 MO depletion in the KV. n=4 608 
experiments, 66-85 embryos in total. 609 
I, Abdominal organ placement as shown for the endocrine pancreas is random in 610 
embryos depleted of Orc1 in the KV. n=4-5 experiments, 66-90 embryos in total. 611 
 612 
C-E, means ± SEM. Unpaired, two-tailed t-tests with Welch’s correction. 613 
G-I, stacked bar graphs analysed using two-sided Fisher’s exact tests. 614 
 615 
Fig. 3 The MGS variant F89S of ORC1 is unable to rescue ciliopathy phenotypes or 616 
microcephaly in zebrafish embryos 617 
 23
A, Heart looping in Orc1 morphants is rescued by co-injection with RNA encoding 618 
human ORC1.  Embryos were scored after cmlc2 ISH. D, correctly looped heart, N, no 619 
loop, L, inversely looped heart.  620 
B, Endocrine pancreas position cannot be rescued by the MGS variant ORC1 F89S. R, 621 
pancreas right from the midline, L, pancreas left from the midline. 622 
C, Live images of 48 hpf zebrafish embryos. Scale bar: 200 µm. 623 
D, The shorter body axis in Orc1 MO embryos can be partially rescued by human 624 
ORC1. 625 
E, Reconstitution with wt human ORC1 partially restores head growth in ORC1 626 
morphants, while human ORC F89S does not. 627 
F, Bar graph for occurrence of smaller eyes upon MO injection and rescue attempts. 628 
G, Pericardial oedema can also be rescued by wt ORC1, but not by F89S. 629 
H, Co-injection of ORC1 F89S RNA cannot prevent kidney cyst formation in Orc1 KD 630 
embryos. Scale bar: 100 µm. 631 
I, Stacked bar graph displaying the incidence of kidney cysts. Two-sided Fisher’s exact 632 
test. n=125 (Orc1 MO + ORC1), 123 (Orc1 MO + ORC1 F89S). 633 
 634 
A-B, stacked bar graphs (summarising 3-4 independent experiments) analysed using 635 
two-sided Fisher’s exact tests. n=93-183 embryos.  636 
D-G, bar graphs display means ± SEM. Circles indicate means of individual 637 
experiments. n=3-4 experiments, 80-249 embryos in total. One-way ANOVA.  638 
 639 
Fig. 4 Loss of additional ORC components provokes cilium dysfunction in zebrafish 640 
 24
A, Live images of 48 hpf control and Orc4 and Orc6 depleted zebrafish embryos 641 
showing phenotypes reminding of MGS (shorter axis, smaller heads and eyes) and 642 
cilium dysfunction (pericardial oedema, body curvature). Scale bar: 500 µm. 643 
B, KD of either Orc4 or Orc6 leads to cystic kidneys. Scale bar: 100 µm.  644 
C, Percentage of embryos developing pronephric cysts. Co-injection of RNA encoding 645 
human ORC4 or ORC6 partially rescues cyst formation, while the MGS variants do not. 646 
n=177 (NI), 172 (CTRL MO), 58 (Orc4 splMO), 63 (Orc4 splMO + ORC4), 63 (Orc4 647 
splMO + ORC4 Y174C), 93 (Orc6 splMO), 108 (Orc6 splMO + ORC6), 90 (Orc6 648 
splMO + ORC6 K202R*) embryos. 649 
D, Heart looping is randomized after Orc4 or Orc6 KD in zebrafish. n=3 experiments 650 
with 79 NI, 93 CTRL MO, 89 Orc4 splMO and 102 Orc6 splMO embryos.  651 
E, Orc4 and Orc6 deficient embryos display random placement of the endocrine 652 
pancreas. n=3 experiments (79 NI, 93 CTRL MO, 89 Orc4 splMO and 102 Orc6 splMO 653 
embryos).  654 
F, Embryos depleted of Orc4 and Orc6, respectively develop KVs with shortened cilia. 655 
Confocal stacks of KVs of 8 ss embryos stained for acetylated tubulin (green, cilia) and 656 
PKCζ (red, apical cell borders). Scale bar: 10 µm. 657 
G, Cilia are shorter upon Orc 4 or Orc6 KD. n= 194-292 cilia. Kruskal-Wallis test with 658 
Dunnett’s multiple comparison test. 659 
H, Cilia number per KV was not affected by loss of Orc4 or Orc6. p=0.3936 (CTRL 660 
MO vs Orc4 splMO), p=0.9050 (CTRL MO vs Orc6 splMO). n=9 (Orc4 splMO) and 10 661 
KVs (CTRL MO, Orc6 splMO). One-way ANOVA with Dunnett’s multiple 662 
comparison test. 663 
 25
I, The KV area shows a tendency to be smaller upon KD of Orc4 and 6. p=0.0551 664 
(CTRL MO vs Orc4 splMO), p=0.03285 (CTRL MO vs Orc6 splMO). n=9-15 embryos 665 
in total. One-way ANOVA with Dunnett’s multiple comparison test. 666 
 667 
C-E, stacked bar graphs analysed using two-tailed Fisher’s exact tests. 668 
G-I, means ± SEM. 669 
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